Investigation of Nanofiltration Separation for High Concentration Biologic Sugar Aqueous Solution in the Process of Cellulose Bioconversion into Fuel Ethanol by 王瑞芳
 
 
学校编码：10384                                      分类号   密级    
学号：20620091151283                                 UDC             








硕  士  学  位  论  文 





Investigation of Nanofiltration Separation for High 
Concentration Biologic Sugar Aqueous Solution in the 




专  业 名 称：化学工艺 
论文提交日期：2012年 6月 
论文答辩时间：2012年 6月 
学位授予日期：2012年  月 
  
答辩委员会主席：   
评阅人：           
 















The Master Dissertation of Engineering in Xiamen University 
 
 
Investigation of Nanofiltration Separation for High 
Concentration Biologic Sugar Aqueous Solution in the 








This work was carried out under the supervision of  
Prof. Bing H Chen 
 
 






















另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的



































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 


















摘 要 ........................................................................................................................................ VII 
第一章 研究背景.................................................................................................................. 1 
1.1 纤维素生物质转化生产燃料乙醇的意义 .................................................................. 1 
1.1.1 国际能源形势 .............................................................................................................. 1 
1.1.2 纤维素生物质转化生产燃料乙醇研究状况 .................................................... 1 
1.2 纤维素生物质生产燃料乙醇工艺 ................................................................................ 3 
1.2.1 纤维素水解方法 ......................................................................................................... 3 
1.2.2 浓缩提纯工艺 .............................................................................................................. 4 
1.3 纤维素生物质转化生产燃料乙醇工艺及本文研究内容 ...................................... 5 
参 考 文 献 ................................................................................................................................ 7 
第二章  膜分离技术及理论简介 ............................................................................... 9 
2.1  膜的分类 ..................................................... 9 
2.1.1 膜的截留效果 .............................................. 9 
2.1.2膜组件结构................................................ 12 
2.1.3 膜材料 ................................................... 14 
2.1.4 膜分离推动力 ............................................. 15 
2.2 膜分离理论基础 ............................................... 15 
2.3 纳滤膜分离机理 ............................................... 17 
2.3.1 非平衡热力学模型 ......................................... 17 
2.3.2薄膜理论与非平衡热力学模型结合............................ 18 
2.3.3 道南平衡模型 ............................................. 18 
2.3.4 细孔模型 ................................................. 19 
2.3.5 溶解-扩散模型 ............................................ 20 
2.3.6 薄膜理论与溶解扩散模型结合 ............................... 20 
2.3.7 静电排斥和立体位阻模型 ................................... 21 

















2.3.9 电荷模型 ................................................. 22 
2.3.10 道南位阻细孔模型 ........................................ 22 
2.3.11 浓差极化模型 ............................................ 22 
参 考 文 献 ...................................................... 24 
第三章 高浓度糖化液纳滤浓缩工艺条件研究 ................................................ 29 
3.1 实验材料与方法 ................................................................................................................ 30 
3.1.1 实验设备与实验试剂 ....................................... 30 
3.1.2葡萄糖溶液浓度检测........................................ 31 
3.1.3纳滤分离实验.............................................. 33 
3.1.4 膜设备清洗 ............................................... 34 
3.2 操作条件对纳滤分离效率的影响分析..................................................................... 35 
3.2.1 操作压力和料液浓度对纳滤分离效率的影响分析 ............... 35 
3.2.2 操作温度对纳滤分离效率的影响分析 ......................... 37 
3.3 本章小结 ................................................... 40 
参 考 文 献 .................................................... 41 
第四章 高浓度单糖溶液纳滤分离过程模型与模拟 ..................................... 46 
4.1 经验模型计算纳滤渗透通量 ................................... 48 
4.2 改进浓差极化模型估算浓度渗透通量的影响 ...................... 52 
4.3 改进 CFSD 模型估算浓度对表观截留率的影响 ..................... 55 
4.4 浓度对渗透通量和表观截留率影响的预测 ........................ 58 
4.5 本章小结 ................................................... 60 
参 考 文 献 .................................................... 61 
第五章 膜分离过程过程能耗分析 .......................................................................... 66 
5.1 膜分离能耗计算理论基础 ..................................... 66 
5.2 操作条件对膜分离能耗的影响分析 .............................. 68 
5.3 本章小结 ................................................... 72 
参 考 文 献 .................................................... 73 
第六章 结论与展望 ...................................... 75 





































Table of contents 
Abstract………………………………………………………..….……VII  
Chapter 1 Research background……..…..…………………………….1   
1.1 The significance of cellulose bioconversion into fuel ethanol ......................... 1  
1.1.1 The international energy sources situation ..................................................... 1 
1.1.2 The investigation situation of cellulose bioconversion into fuel ethanol ...... 1  
1.2 The productive technology of cellulose bioconversion into fuel ethanol . …..3  
1.2.1 Cellulose hydrolysis methods ........................................................................ 3 
1.2.2 Enrichment technology of sugar aqueous solution ........................................ 4 
1.3 The productive process cellulose bioconversion into fuel ethanol ................. 5 
References ................................................................................................................. 7 
Chapter 2 Membrane separation technology and theory background
 .................................................................................................................... .9 
2.1  Membrane classification ................................................................................. 9 
2.1.1 Rejection performance of membrane ............................................................. 9 
2.1.2 Structure of membrane module .................................................................... 12 
2.1.3 Material of membrane .................................................................................. 14 
2.1.4 The driving force in membrane separation process ..................................... 15 
2.2 The theory background of membrane separation ......................................... 15 
2.3 The mechanism of nanofiltration membrane separation.............................. 17 
2.3.1 The non-equilibrium thermodynamics model .............................................. 17 
2.3.2 Combining the film theory and Spiegler-Kedem model .............................. 18 
2.3.3 Donnan equilibrium model .......................................................................... 18 
2.3.4 The pore model  .......................................................................................... 19 
2.3.5 Solution-diffusion model ............................................................................. 20 


















2.3.7 Electrostatic and steric-hindrance model ..................................................... 21 
2.3.8 Expanded Nernst-Planck equation ............................................................... 21 
2.3.9 Charge model ............................................................................................... 21 
2.3.10 Donnan-steric pore model .......................................................................... 22 
2.3.11 Concentration polarization model .............................................................. 22 
References ............................................................................................................... 24 
Chapter 3 Nanofiltration separation of monosaccharide solution 
under high concentrations ..................................................................... .29  
3.1 The experiment materials and experimental methods ............................ …..30  
3.1.1 The experiment instrument and chemical agent………………………….. 30 
3.1.2 Glucose solution concentration measurement method ................................. 31 
3.1.3 Membrane separation experiments .............................................................. 33 
3.1.4 Membrane clearing method ......................................................................... 34 
3.2 Analysis the effects of operating conditions on membrane separation ........ 35 
3.3.1 The effect of operating pressure and feed concentration on nanofiltration 
membrane separation efficiency ........................................................................... 35 
3.3.2 The effect of operating temperature on nanofiltration membrane separation 
efficiency ........................................................................................... ……………37  
3.3 Brief summary .................................................................................................. 40 
References ............................................................................................................... 41 
Chapter 4 Modeling the membrane separation efficiency with high 
concentration uncharged aqueous solutions ........................................ 46 
4.1 Semi empirical model to calculate permeate volume flux ............................ 48 
4.2 Modifying the concentration polarization model to calculate permeate 
volume flux .............................................................................................................. 52  
4.3 Modifying the combining film theory and solution-diffusion model model to 
calculate observed rejection................................................................................... 55  
4.4 Predicting the effect of concentration on permeate volume flux and 
observed rejection ................................................................................................... 58 
4.5 Brief summary .................................................................................................. 60 


















Chapter 5 Analysis energy consumption of membrane separation ... 66  
5.1 Theory background of membrane separation energy consumption  .......... 66 
5.2 The effect of operating conditions on membrane separation energy 
consumption ............................................................................................................ 68 
5.3 Brief summary .................................................................................................. 72 
References ............................................................................................................... 73 
Chapter 6 Summary and scope.............................................................. 75 
List of publications .................................................................................. 78 
























































































As the energy exhausting, the discovery and development of new energy resources 
has become the hot topic in world wide. Cellulosic bioconversion into ethanol has 
been paid much attention due to the abundant amount and renewable capacity of 
materials. However, the economy especially energy consumption control of the 
process is the key and barrier for it toward industrialization. Although ethanol 
production via cellulose enzymatic conversion is one of the most promising biomass 
conversions, the unit operations in the process always involving with aqueous solution 
as the enzymatic conversion normally carries out in aqueous state. Thus developing 
low energy consumption sugar aqueous solution enrichment process is crucial for 
enzymatic biomass conversion to produce ethanol. Among the available technologies, 
membrane separation is one of the most suitable techniques for such separation.  The 
works here are mainly focus on investigations of the performance of nanofiltration 
membrane for high concentration sugar aqueous solutions enrichment. The findings 
could provide technical support for enzymatic cellulose bioconversion to ethanol, 
especially provide a general scientific foundation and optimization for high 
concentration aqueous solution separation using nanofiltration membrane technology. 
1. In this work, the performance of nanofiltration membrane separation with high 
concentration (0.1~0.98 mol/L) aqueous glucose is investigated using a commercial 
spiral-wound nanofiltration membrane module. This investigation is based on the high 
concentration saccharification aqueous membrane separation in the process of 
cellulosic bioconversion into ethanol. The performance of membrane separation 
process is explored with high concentration glucose aqueous solution in the range 
scope described above. Operating pressure, temperature and feed concentration are 
three major operating conditions. And the effects of them on the high concentration 
glucose aqueous solution nanofiltration membrane separation efficiency are 
















Firstly, the effect of operating pressure on the permeate volume flux is more obvious 
than the effect of operating pressure on the observed rejection at lower concentration, 
while the result is contrary under higher concentration. Secondly, the accelerated 
speed of permeate volume flux vs. operating pressure increases and the deceleration 
speed of observed rejection vs. operating pressure decreases with temperature 
enhancing. Thirdly, the accelerated speed of permeate volume flux vs. concentration 
deceases and the deceleration speed of observed rejection vs. concentration increases 
with temperature enhancing. 
2. The effect of feed concentration on the permeate volume flux is analyzed based 
on abundance experimental data, and the high concentration uncharged aqueous 
solution nanofiltration membrane separation process is analyzed via simulation. The 
investigation result demonstrates that the relation between permeate volume flux and 
operating pressure was nonlinear at high concentration rather than linear as reported 
in some previous literatures. A power functional relation between permeate volume 
flux and operating pressure can be got according to nonlinear curve fit using Matlab. 
A semi empirical model for high concentration uncharged aqueous solution 
nanofiltration membrane separation process between permeate volume flux and 
concentration was established, and it can be used for predicting the permeate volume 
flux at any concentration in the investigation range. 
Theoretical research concluded that the mechanism for uncharged aqueous solution 
nanofiltration membrane separation was sieving effect. So the researchers generally 
focus on the effect of ratio of solute’s diameter and membrane pore’s diameter, while 
the effect of concentration on the nanofiltration membrane separation is a bit ignored. 
Using Concentration Polarization model to analyze the experimental results of 
permeate volume flux vs. permeate volume flux at different concentrations, the 
relationship between concentration polarization resistance and the concentration can 
be obtained. Then the functional relation between concentration polarization 
resistance and feed concentration can be got using nonlinear curve fit with Matlab. 
















membrane is analyzed thoroughly, and the film theory and Solution-Diffusion model 
are combined to analyze the relation between observed rejection and permeate volume 
flux at different concentration. Then the mass transfer coefficient as a function of the 
concentration can be obtained by nonlinear curve fit with Matlab. 
Combining the Concentration Polarization model, the film theory and 
Solution-Diffusion model, the permeate volume flux and observed rejection could be 
predicted with the functional relations of concentration polarization resistance and 
mass transfer coefficient at some operating condition. 
3. Finally the effects of operating conditions on energy consumption of 
nanofiltration membrane separation process are analyzed. As the operating pressure 
increasing, the energy utilization efficiency increases and the energy consumption of 
unit volume production water decreases. The result of increasing temperature is 
similar as above, but the rejection decreases rapidly. The energy utilization efficiency 
decreases and the energy consumption of unit volume production water increases with 
concentration increasing. 
In this paper, the effects of operating conditions on nanofiltration membrane 
separation efficiency and energy consumption are investigated with high 
concentration monosaccharide aqueous solution. And the functional relation between 
concentration and membrane separation efficiency is established.  
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